A n abrupt increase in oxygen tension results in ductal constriction after birth. Falling levels of prostaglandin (PG) E2 due to enhanced metabolism in the lungs and elimination of the placental source contribute to an increase in ductal tone (1) . In addition to PG, endothelin-1 seems to be involved in the primary functional closure of the DA (2, 3) . DA medial smooth muscle contraction leads to wall thickening, luminal obliteration, and shortening of the vessel. The infolding of the endothelium, subintimal disruption and proliferation resulting in fibrosis lead to permanent sealing of the DA. The undisturbed interaction of these two processes, both functional and proliferative vascular obliteration, seems essential to the definite closure of the DA.
Failure of this complex process, initiated in part in utero, is associated with a patency of the DA after birth. A higher prevalence of patent DA is encountered in preterm infants than in term infants. Low oxygen tension and higher levels of circulating PG have been identified as major risk factors for insufficient ductal constriction in this population. The reasons for the failure of later definite obliteration of the DA in some preterm are not yet completely understood.
It seems that the hypoxia-inducible vascular endothelial growth factor (VEGF) functions as a critical regulator during programmed proliferative degeneration of the DA. VEGF regulates blood vessel development and homeostasis and is predominantly produced by endothelial and hematopoetic cells (4, 5) . The biologic function of VEGF polypeptides is mediated by its binding to the type III receptor tyrosine kinases VEGF-R1 (Flt-1), VEGF-R2 (Flk-1/KDR), and VEGF-R3 (Flt-4) (6 -9) .
VEGF is found in the preterm and term DA of different mammalian species (10 -12) . Animal studies identified the formation of neointimal mounds and vasa vasorum ingrowth during permanent closure of the DA as VEGF-dependent processes (13) . It is clear that VEGF expression in ductal smooth muscle cells is mediated by intense hypoxia within the constricted vessels. The time course of the expression of VEGF and its receptors in ductal tissue in late gestation is, however, poorly understood. It could be assumed that expression increases toward the end of pregnancy in preparation for spontaneous closure in term infants. Consequently, the failure of the duct to close permanently in some preterm infants could be due to low VEGF expression. The present study was performed to test the hypothesis that the expression of VEGF and its receptors in the endothelium and the media of the DA vessel wall varies between fetuses of a similar gestational and morphologic age. To answer this question, the maturitydependent protein expression of VEGF, VEGF-R1, VEGF-R2, and VEGF-R3 was studied in a large cohort of human fetal autopsy DA specimens with a gestational age (GA) ranging between 11 and 38 wk.
METHODS
Human tissue specimens. Autopsy specimens of the DA from 68 human fetuses and four lifeborns were collected over a period of 12 mo at the Charité Department of Paidopathology. Informed parental consent was obtained before autopsy. The study was approved by the Charité Humboldt University ethics committee. Median GA was 22 wks (range, 11-38 wks). In addition to medically indicated abortions, the main causes of death in the fetuses were amnion infection syndrome or other infections and placental insufficiency or placental ablation. Although spontaneous miscarriage predominated in the first trimester, intracervical application of synthetic PGE1 or PGE2 analogues was used to terminate pregnancies in the second trimester. In two thirds of the cases, either intrauterine death occurred or fetocide was performed before induction of labor by PG application. Among the four liveborns, one infant of 36-wk gestation died on d 3 of life from pulmonary artery embolism; another infant of 36-wk gestation died on d 9 of life in cardiorespiratory failure from sepsis; one infant born after 34 wks of gestation with gastroschisis died after 6 wks from necrotizing enterocolitis; and one infant with a GA of 38 wks died after 4 h due to a complex malformation with cardiac involvement.
Nine cases were excluded from VEGF and VEGF-Rs expression determination due to signs of inflammation and advanced autolytic degradation related to amnion infection syndrome. A frequency distribution of the clinical and pathologic diagnoses of the 63 cases that were included is summarized in Table 1 . The fetuses were fixed in buffered 4% formaldehyde. After dissection and micropreparation under a stereomicroscope, the vascular DA tissue samples were embedded in paraffin, cut in 3-5 m sections and mounted on coated slides (SuperFrost plus TM, Langenbrinck Laborbedarf, Emmendingen, Germany).
Determination of ductal maturity. The Elastica van Gieson stained sections were evaluated as previously described (14) to assess histologic ductal maturity. Specimens were classified according to the histologic maturity score into one of the four maturity stages from early fetal life through to perinatal closure. Maturity-stage specific histologic characteristics of a stage I DA are: an endothelium in palisades, a well-defined media, absent intima cushions and an intact internal elastic lamina. In the DA maturity stage IIa, the endothelium becomes cubic oval and the internal elastic lamina shows interruptions. A flat endothelium, myocyte/fibroblast migration into the media and intima cushions locally reaching into the lumen are the characteristics of a IIb DA maturity stage. Fibromuscular remodeling of the media, extensive intima cushions and a fragmented internal elastic lamina characterize a III DA maturity stage. Histologic ductal maturity and immunofluorescence staining were assessed independently. Because of the significant morphologic differences between a DA just entering degenerative proliferation (stage IIa) and one in the middle of the process (stage IIb), the data from these two stages was analyzed separately.
Immunohistochemistry. Sections were deparaffinized in xylol twice for 10 min each, then rehydrated in ethyl alcohol (100, 90, 80, and 70%), distilled water and PBS, for 3 min each at room temperature. VEGF, VEGF-R1, VEGF-R2, and VEGF-R3 staining was carried out after a standard protocol. For epitope retrieval, sections were fixed in citrate buffer (pH 6.0) at 600 W for 12 min in a microwave oven. The cooling sections were then washed three times in PBS. The specimens were incubated for 60 min in PBS (0.1M, pH 7.2) containing 2% goat serum, 1% BSA, 0.1% bovine gelatin, 0.1% Triton X-100, and 0.05% Tween 20 with the objective of blocking unspecific proteins and increasing the permeability of the cell membrane, thus demasking intracellular epitopes. Sections were subsequently incubated overnight at 4°C with monoclonal mouse anti-human VEGF 1:500 (Santa Cruz Biotechnology Inc., Santa Cruz, USA), rabbit anti-human VEGF-R1, rabbit antihuman VEGF-R2, or rabbit anti-human VEGF-R3 primary antibody (Dianova, Hamburg, Germany) diluted in antibody diluent 1:100 (Zymed Laboratories, San Francisco, USA). For detection, a secondary fluorescent goat anti-mouse antibody or goat anti-rabbit (Alexa fluor 488 or 564, MoBiTec GmbH, Goettingen, Germany) was applied at a dilution of 1:1000 in PBS and incubated at room temperature for 1 h. After being washed three times with PBS, slides were counterstained and mounted with aqueous 4Ј,6-diamidino-2-phenylindole (DAPI) containing fluorescence protecting mounting media (Vectashield hard set, Vector Laboratories, Burlingame, USA).
For double staining experiments, sections were blocked and primarily stained for VEGF before detection of VEGF-R1 or VEGF-R2 was performed. All steps were carried out as described above.
Human umbilical cord sections were used as positive controls in every experiment. The primary antibody was replaced by preimmune mouse or rabbit serum or by PBS alone for negative controls.
Morphometric analysis. VEGF, VEGF-R1, VEGF-R2, and VEGF-R3 staining intensity was evaluated by fluorescence microscopy. To this end, a representative section was photographed at two magnifications (ϫ200, ϫ630) after immunohistochemistry using a fluorescence microscope (Microscope Axioplan 2e, Software Axiovision, Carl Zeiss, Jena, Germany). This guaranteed the consistent color intensity of the images and prevented a quality loss due to limited stability of the staining. The photographer (C.P.) was blinded to the phenotypical maturity of the specimens and did not participate in the evaluation. Immunofluorescence staining was evaluated semiquantitatively. On a discrete scale with 0.5-intervals, points were given ranging from 0 for no staining to 3 for strong staining. The staining intensity was scored separately for two vessel regions: 1) the endothelium and subendothelial region and 2) the media. Histologic classification and immunofluorescence staining were independently rated by three blinded observers (C.R., S.C.W. and P.K.). Interobserver difference was 7.3%. Differing results were discussed afterward until a consensus was reached. The Mann-Whitney-U-test was used for statistical evaluation, and p Ͻ 0.05 was considered significant. Pearson correlation coefficients (R 2 ) were calculated for associations between variables.
RESULTS
GA and histologic maturity. Figure 1 depicts GA frequency distribution as documented in the autopsy reports relative to Pathologic diagnoses summarized as CHD included Down syndrome with ventricular septal defect (two cases), hypoplastic left heart syndrome with (four cases) or without (one case) aortic valve stenosis or atresia, aortic valve stenosis (one case), coarctation of the aorta (two cases), pulmonary valve atresia (one case), pulmonary artery hypoplasia (one case), tetralogy of Fallot (two cases), double outlet right ventricle (one case), left ventricular rhabdomyoma (one case), and an acrofacial dysostosis with a complex vitium cordis including ventricular septal defect.
Pathologic diagnoses summarized as CMS included Potter-sequence (two cases), Down syndrome without cardiac malformation (two cases), neural tube defects (five cases), central nervous system malformations (7 cases), chromosomal aberrations without cardiac involvement (four cases), omphalocele/ gastroschisis (three cases), Pierre Robin sequence (one case) and skeletal malformations (three cases).
Cases not compatible with one of the two categories are summarized under "others." Pathological diagnoses in this group included placental insufficiency or placental ablation without infection (11 cases), cervical teratoma (one case), fetofetal transfusion syndrome (one case), nonspecified syndromes without heart defects (two cases), and four lifeborns with fatal outcome.
CHD, congenital heart defect; CMS, other congenital malformation syndrome. the histologic maturity of each specimen. Two maxima occur around 18 and 22 wks of GA. According to our histologic maturity score, none of the DA specimens investigated complied with stage IV criteria (closed DA). The light micrographs in Figure. 2a-d show the typical histologic features for each maturity stage. The GA and histologic maturity scores corresponded in 53 (84%) of 63 cases (R 2 ϭ 0.85). Overall, seven specimens were judged histologically more mature and three less mature than the estimated date would indicate. The widest variance occurred between histologic maturity stages I and II. Six specimens were histologically classified stage II rather than stage I despite a lower GA. Data evaluation using either histologic maturity or GA resulted in corresponding results except for VEGF-R1 expression (see results paragraph on VEGF receptor-1 expression).
VEGF-expression. VEGF-positive cells were found in all maturity stages of the DA. VEGF-expression did not differ in the different maturity stages (data not shown). VEGF-positive cells were found in both the media and the endothelium of the vessels. There was no significant difference in staining intensity between the two regions. Intracellularly, VEGF-positive staining was primarily detected around the nucleus and did not change localization during development ( Fig. 3a and 3b) .
VEGF receptor1-expression. The 180-kDa glycoprotein VEGF-R1 was detected in all the maturity stages of the DA studied. The staining intensity was marked in the endothelium of the vessel wall in the early maturity stages. Endothelial VEGF-R1 expression decreased significantly during development and was minimal in stage III DA (Fig. 4 left column upper row, Fig. 2e and 2f) . We observed almost no change in the moderate expression of VEGF-R1 in the media throughout all maturity stages (Fig. 4 right column upper row, Fig. 2e and  2f) . A separate analysis of the six specimens judged more mature than GA alone would indicate (see Fig. 1 GA 11-19 wk) revealed a significantly lower expression of VEGF-R1 in the media of the DA than in the other 18 specimens with a GA ranging between 11 to 19 wks and DA stage I histologic maturity (median staining intensity 0.5 versus 1.0, p ϭ 0.018). The same analysis showed no significant difference for the VEGF-R1 expression in the endothelium of the specimens with a GA of below 20 wks (median staining intensity 0.5 versus 1.0, p ϭ 0.077). At the cellular level VEGF-R1 was primarily expressed on the surface (Fig. 3a and 3c) .
VEGF receptor2-expression. VEGF-R2 positive cells were detected in both regions of the DA in all maturity stages (Fig.  4 lower row) . Its expression in the endothelium did not change during DA development (Fig. 4, left column lower row) . In contrast, the expression of VEGF-R2 significantly increased in the media in the later DA maturity stages and displayed the strongest staining intensity in maturity stages IIb and III (Fig.  4, right column lower row, Fig. 2g and 2h ). Similarly to Maturity-stage specific histologic characteristics are present in endothelium (E or arrow), media (M), intima cushions (IC), and internal elastic lamina (*). The DA in maturity stage I still displays a regular organ architecture. Significant morphologic differences can be seen between a DA just entering proliferative degeneration (stage IIa) and one in the middle of the process (stages IIb and III). Immunofluorescence staining of VEGF-R1 (second row), VEGF-R2 (third row) and VEGF-R3 (lower row) shows green (Cy 2) positive cells with blue nuclei (DAPI-counterstained) in DA maturity stages I (e, g, i) and III (f, h, k). VEGF-R1 staining intensity was strongest in the endothelium of the early DA maturity stage (2e, arrow) and decreased significantly during development (2f, arrow). VEGF-R2 positive cells predominated in the DA media of the later maturity stage (2h, M). VEGF-R3 expression slightly decreased in the endothelium (2k, arrow) during maturation. The differences in staining intensity of the endothelium are marked with an arrow, whereas "M" identifies the media of the DA. VEGF-R1, the cellular localization of VEGF-R2 predominated on the cell surface (data not shown).
VEGF receptor3-expression. VEGF-R3 positive cells were detected in both regions of the DA in all maturity stages, although the staining intensity was stronger in the endothelium. During development a slight decrease of VEGF-R3 staining intensity was observed in the endothelium, especially when comparing maturity stages I and III ( Fig. 2i and 2k) , though this was without statistical significance. Instead, the expression of the receptor in the DA media was consistently weak for all maturity stages.
Double staining experiments. Representative double staining experiments were carried out for VEGF and VEGF-R1 or VEGF-R2 to evaluate the co-expression of VEGF and its receptors along with their cellular distribution pattern in the DA. The cellular distribution pattern of VEGF, VEGF-R1, and VEGF-R2 remained unchanged throughout the different DA maturity stages. Although VEGF is primarily localized perinuclearly (Fig.  3a, b) , VEGF-R1- (Fig. 3a, c) and VEGF-R2-expression are chiefly detected on the cell surface. The colocalization experiments for VEGF and VEGF-R1 or VEGF-R2 revealed a staining intensity and distribution pattern of the proteins in the two different DA vessel regions similar to the data analysis of the single staining experiments.
Specimens with CHD diagnosis. Congenital heart defects accounted for the major diagnosis in 17 (37%) infants from our cohort of fetal autopsy specimens (empty symbols in Fig.  1 ). The broad spectrum of heart defects included in this group is listed in the legend of Table 1 . A comparison of the expression of VEGF and VEGF-Rs in specimens with CHD to the other diagnosis groups revealed no differences for all proteins (empty symbols in Fig. 4 show expression of VEGF-R1 and VEGF-R2 in the four maturity stages for specimens with CHD). This also applies to the separate analysis of VEGF and VEGF-Rs expression in the DA for every maturity stage.
DISCUSSION
VEGF has been identified as a critical mediator for the remodeling of the DA that results in its permanent anatomical closure (10, 13, 15) . Programmed proliferative degeneration of the DA is a complex alteration process that begins during gestation. Because, VEGF plays a role in this process, a GA dependent change in the expression of VEGF and VEGF-Rs in the human DA vessel wall could be assumed to provide the basis for spontaneous ductal closure in term infants.
Interestingly, our study on human fetal DA autopsy specimens of various GA revealed homogenous VEGF expression in all DA tissue regions. This remained constant throughout all maturity stages. Although this result does not confirm our hypothesis, it conforms with the results of a few other studies that have detected VEGF in the muscle media of the preterm and term DA of various mammalian species (10 -12) .
Our study revealed a different expression pattern for all three VEGF-Rs in human fetal DA. Whereas VEGF-R1 expression was marked in the endothelium and subendothelial region of the immature DA and decreased during development ( Fig. 2e and 2f, Fig. 4) , VEGF-R2 expression predominated in the media of more mature DA stages (Fig. 2g and 2h, Fig. 4) . In contrast, weak to moderate VEGF-R3 protein expression was observed. This decreased slightly in the endothelium in the advanced maturity stages and otherwise remained fairly constant ( Fig. 2i and 2k) . A homozygous deletion of either VEGF-R1 or VEGF-R2 have been shown to be lethal in utero, since it results in severe malformations of the vasculature (16, 17) . This would seem to indicate that both receptors are essential for the development of the vascular system during embryogenesis. This leads to the hypothesis that VEGF-R1 functions as a decoy receptor in early stages of embryogenesis to tightly control the concentration-dependent effect of VEGF (18) . This might explain the higher expression of VEGF-R1 in the endothelium of our early gestation DA specimens. VEGFR-2, in contrast is the more "functional" receptor. It regulates endothelial cell migration, proliferation, differentiation and survival along with vessel permeability and dilation (6) . These facts support our observation of predominant VEGFR-2 expression in the media of more mature DA specimens and correspond to the findings of Clyman et al. (13) . They demonstrated a significant increase in vasa vasorum in the muscle media and an expansion of neointima thickness with smooth muscle cells following direct VEGF administration into the fetal lamb DA-wall. Although VEGFR-2 expression was not evaluated by Clyman et al., it seems likely that the observed structural changes were mediated by this receptor. Although immunohistochemical studies alone allow no conclusions to be drawn regarding the activity or functionality of a protein, the higher expression of VEGF-R2 in the media of our more mature DA specimens could reflect the first step in the anatomical DA remodeling process resulting in permanent closure. Our results, which demonstrate moderate and predominant VEGF-R3 expression in the early maturity DA endothelium that decreases during maturation, are in line with the known gestational changes in this receptor. It is initially expressed in all embryonic endothelial cells but is largely restricted to the lymphatic endothelium during later development (19) .
Although the VEGF/VEGF-Rs system plays a key role in ductal closure, to date very little human data are available concerning the maturational changes in the expression of VEGF and its corresponding receptors. One likely reason for this is the difficulty in obtaining appropriate samples for investigation. The viable DA tissue that is required for molecular biology techniques is not excised during the surgical ligation of a persistent DA. This means that research on human DA tissue is limited to the immunohistochemical examination of postmortem specimens. Most specimens included in the present study were derived from medically indicated abortions with two maxima around 18 and 22 wks of GA. The gap in autopsy specimens between 28 and 33 wks reflects both the rarity of death and the difficulty in obtaining parental consent for a postmortem examination after a fatal clinical outcome of preterm infants in this GA range. These circumstances inevitably resulted in an uneven sample size in the different DA maturity stages, and may have influenced our results. With the exception of the four lifeborn infants included in the study, fetal specimens were investigated. This means that the present data on VEGF and VEGF-Rs expression is representative of intrauterine life. Questions regarding changes in the expression of VEGF and VEGF-Rs after exposure to higher oxygen concentrations that occur in postnatal life therefore remain unanswered.
In the present study, fetal autopsy specimens with documented vessel malformations at risk for higher circulating VEGF-levels (20) accounted for 37% of our cohort and were analyzed separately. A comparison of the expression of VEGF and VEGF-Rs in specimens with congenital heart defect to the other diagnosis groups revealed no differences during maturation for all proteins. This might in part be explained by the heterogeneity of our specimen group with regard to the inclusion of heart defects with or without involvement of the great arteries and ductus dependent circulation after birth. In contrast, the groups of Rabinovitch and Gittenberger-de Groot found increased VEGF-expression to be related to the development of congenital heart defect in different animal models (21, 22) .
Histologic maturity, which was determined independently of the protein expression of VEGF and its receptors, corresponded to GA in 84% of our specimens. The widest variance occurred between early histologic maturity stages where six specimens were histologically classified stage II rather than stage I and, despite their lower GA, had already entered the proliferative degradation phase characterized by morphologic changes beginning around 20 wks GA (Fig. 2b) . This is in line with previous observations, where no strict correlation between GA and developmental maturity in human fetal and newborn DA tissue was observed (23) . Nevertheless, we only found significant differences for the expression of VEGF-R1 between specimens in the same GA group below 20 wks. Expression of VEGF-R1 in the media of the DA was significantly lower in those specimens histologically judged more mature than indicated by GA. Otherwise, the present study shows a similar expression of VEGF and its receptors for similar GA and fails to explain the clinical observation of a different reaction of the DA in preterm infants despite the same GA. Our results emphasize the importance of the evaluation of histologic ductal maturity since structural changes explain different target protein expression in DA specimens of the same GA.
In conclusion, our study describes the developmental expression of VEGF and the VEGF-Rs in human DA autopsy specimens. We observed a spatio-temporal variation of VEGF-Rs expression rather than a continuous perinuclear VEGF expression in all DA layers throughout gestation. Although endothelial VEGF-R1 and VEGFR-3 expression declined with increasing GA, VEGF-R2 expression predominated in the media of more mature DA stages, indicating the later as the main receptor for VEGF-mediated structural DA changes.
Our study has a descriptive character. Further functional studies, e.g. animal models, are necessary to clarify the interaction between the differential expression of VEGF and its receptors. These would help determine whether the expressional changes also modulate the receptors affinity to VEGF binding as well as their implications for permanent postnatal closure of the DA.
